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ABSTRACT: We present 34 new cosmogenic '’Be exposure ages that constrain the Lateglacial (Balling—Preboreal)
history of the Scandinavian Ice Sheet in the Lysefjorden region, south-western Norway. We find that the classical
Lysefjorden moraines, earlier thought to be entirely of Younger Dryas age, encompass three adjacent moraines
attributed to at least two ice sheet advances of distinctly different ages. The '°Be age of the outermost moraine
(14.0+0.6 ka; n=4) suggests that the first advance is of Older Dryas age. The innermost moraine is at least
2000 vyears younger and was deposited near the end of the Younger Dryas (11.4+0.4 ka; n=7). After
abandonment of the innermost Lysefjorden Moraine, the ice front receded quickly towards the head of the fjord,
where recession was interrupted by an advance that deposited the Trollgaren Moraine at 11.340.9 ka (n=5). '°Be
ages from the inboard side of the Trollgaren Moraine suggest final retreat by 10.7+0.3 ka (n=7). The late
culmination of the Younger Dryas advance contrasts with other sectors of the Scandinavian Ice Sheet where the
margin appears to have culminated earlier during the Younger Dryas stadial, followed by retreat during the middle

and late part of the Younger Dryas. Copyright © 2014 John Wiley & Sons, Ltd.

KEYWORDS:  Allerad; '°Be dating; Lateglacial; Scandinavian Ice Sheet; Younger Dryas.

Introduction

The demise of late Pleistocene ice sheets during the last
deglaciation offers lessons about how ice sheets respond to
climate change. For example, the spatial expression of ice
sheet change during the last deglaciation around the globe
reveals the interhemispheric complexity of the climate system
(e.g. Clark et al., 2009). Furthermore, the response of ice
sheets to short-lived climate perturbations superimposed on
overall deglaciation provides insight into ice sheet sensitivity
to abrupt climate change (e.g. Lohne et al., 2007; Young
et al., 2011). Finally, the pattern of retreat in fjords versus
land-based ice margins can be used to elucidate local and
external controls on ice margin changes (e.g. Briner
et al., 2009; Mangerud et al., 2013). Embedded within the
pattern of complete ice sheet disappearance from North
America and Scandinavia is a detailed archive of ice sheet
response during the climatically turbulent Lateglacial period
(~15=10 ka). The behavior of the Scandinavian Ice Sheet, in
particular, is tightly linked to ocean circulation and climate
change of the adjacent North Atlantic Ocean (Vorren and
Plassen, 2002; Mangerud et al., 2013), an important epicenter
of deglacial climate change (Clark et al., 1999). However,
reconstructing accurate ice sheet histories relies on a combi-
nation of detailed field mapping, careful stratigraphy and
robust ice margin chronologies. The last of these is the main
objective of this study.

The most widely traceable moraines around the Scandina-
vian Ice Sheet (Fig. 1) date to the Younger Dryas period
(12.7-11.6 ka; Lohne et al., 2013). However, the precise
timing of when the glacial advance culminated varies
throughout Scandinavia (Mangerud, 1980). In most locations,
the maximum ice extent was achieved in the early or
middle Younger Dryas (Andersen et al., 1995; Vorren and
Plassen, 2002; Olsen et al., 2013). However, in the Bergen—
Hardangerfjorden area, the maximum ice extent was reached
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at the end of the Younger Dryas (Bondevik and Mangerud,
2002; Lohne et al., 2012; Mangerud et al.,, 2011). Further-
more, in some places the ice margin re-advanced tens of
kilometers through deep fjords during the Younger Dryas,
whereas other ice margin sectors experienced standstills, and
yet others were retreating (Reite, 1994; Mangerud et al.,
2011). The underlying cause for asynchronous ice sheet
fluctuations during the Younger Dryas remains unclear,
although varying ice margin response time due to topogra-
phy, ice-sheet configuration and precipitation patterns have
been proposed (Mangerud, 1980; Mangerud et al., 2011).

In south-western Norway, prominent moraine complexes
can be interconnected to outline an ice margin that
terminated at the mouths of the many fjords that feed into
Boknafjorden (Fig. 2; Andersen, 1954). To the south-east of
Boknafjorden lies Lysefjorden, a deeply carved ~40-km-long
fjord with a prominent end moraine at its mouth that splits
into a sequence of moraines in the mountains north of the
fjord (Fig. 3). The moraine system (termed the Lysefjorden
moraines) extends north and south of Lysefjorden, and is
considered of Younger Dryas age (Andersen, 1954; Blystad
and Selsing, 1988). A younger moraine, named the Trollgaren
Moraine, is mapped across a mountain plateau ~20 km to the
east of the Lysefjorden Moraine at the mouth of Jasenfjorden
(Andersen, 1954; Anundsen, 1972; Blystad and Selsing,
1988). Another moraine system, which is correlated with the
Trollgaren Moraine, is mapped in the mountainous areas near
the head of Lysefjorden (Andersen, 1954). These sharp-
crested ridges can be traced over many kilometers, but they
are smaller and narrower than most of the Lysefjorden
moraines mentioned above, and they cannot be traced
continuously between the individual fjord systems.

Here, we use cosmogenic '°Be exposure dating (hereafter
19Be dating) to determine: (i) the timing of ice recession
outboard of the Lysefjorden moraines, (i) the age range
contained within the Lysefjorden moraines, (iii) the age of the
Trollgaren Moraine system and (iv) the final ice sheet retreat
to the ice divide in south-central Norway.
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Figure 1. Map showing the extent of the Scandinavian Ice Sheet
during the Last Glacial Maximum (LGM) and Younger Dryas (YD).
From Mangerud et al. (2011).

Setting and methods

In south-western coastal Norway, ice flow from an ice divide
located along the mountainous spine of south-central Norway
merged with the Norwegian Channel Ice Stream along the
western coastline (e.g. Sejrup et al., 1998; Fig. 1). During the
Last Glacial Maximum the ice margin was located along the
continental shelf break. At the onset of deglaciation the ice
front first retreated up (i.e. southwards) the Norwegian
Channel and subsequently inland (i.e. eastwards) leaving a
rim of ice-free area along the coast (Mangerud et al., 2011).
The deglaciation of the coastal lowland of Jeeren (Fig. 2) took
place 16-17 cal ka BP (Knudsen, 2006). After this time, the
ice front receded farther inland and eventually deposited a
series of moraines in the Lysefjorden area (Fig. 2). The

Figure 2. Map of the Boknafjorden region
showing the extent of the Scandinavian Ice
Sheet corresponding to the Lysefjorden Mor-
aine (thick line and ice colored blue) and
Trollgaren Moraine (thin line), according to
Andersen (1954) south of Jesenfjorden and
Anundsen (1972) north of this fjord. Numbers
in white boxes are cosmogenic '°Be exposure
ages (ka); ages in plain text are from bould-
ers, and ages in bold, italic text are from
bedrock surfaces.

Copyright © 2014 John Wiley & Sons, Ltd.

absolute chronology of the deglaciation is generally poor;
however, there are a few radiocarbon constraints and also
sea-level constraints. Blystad and Anundsen (1983) outline a
glacial history that depicts an ice sheet advance culminating
~14.2 cal ka BP (radiocarbon ages from Blystad and
Anundsen (1983) and Blystad and Selsing (1988) were
calibrated using CALIB 7.0 and the IntCal13 calibration
curve), followed by retreat and a subsequent re-advance
between ~13.0 and 12.7 cal ka BP (Fig. 4). The age of this
late Allerad or early Younger Dryas advance is constrained
by radiocarbon ages on shells reworked into a till and above
this till that was deposited just beyond the Lysefjorden
Moraine at the mouth of Jesenfjorden (Fig. 2). Furthermore,
Anundsen (1977) described a till 3—-4km beyond the main
Lysefjorden Moraine in the northern Boknafjorden area that
was considered late Allerad or earliest Younger Dryas in age.
An updated glaciation (time—distance) curve suggests a
middle Younger Dryas age of the Lysefjorden moraines
(Andersen et al., 1995). Blystad and Selsing (1988) obtained
basal radiocarbon ages from bogs between and inland of the
Lysefjorden and Trollgaren moraines, suggesting that ice had
retreated from the Lysefjorden Moraine as early as
~11.7£0.4 cal ka BP, and from the Trollgaren Moraine
before ~11.0+0.2 cal ka BP. Although this chronology
outlines the general pattern of multiple ice sheet advances
(Fig. 4), the ages were derived from bulk sediments and,
ultimately, existing ages remain few and far between.

To improve constraints on the timing of ice retreat and
moraine deposition, we collected samples for '°Be dating
(Fig. 5) from four main areas (Fig. 2). The first area is along
Lysefjorden. We sampled bedrock and erratic boulders from a
bedrock hill ~100m above sea level (a.s.l.) and ~3.5km
beyond (north-west of) the Lysefjorden Moraine at the mouth
of the fjord (Fig. 3). We also collected a sample from striated
bedrock immediately inboard of the Lysefjorden Moraine at
the fjord mouth, not far from the classic Esmark (Vassryggen)
Moraine (Worsley, 2006). We also collected samples of ice-
eroded bedrock from 9 and 24km up fjord. Finally, we
collected a series of samples (from bedrock and from erratic
boulders perched on bedrock) at the head of Lysefjorden.
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The second area is a broad valley ~500-700m a.s.l.
downstream of the large lake Lyngsvatnet (685 m a.s.l) on the
northern side of the fjord. Here, Andersen (1954) mapped
three prominent moraines crossing the valley floor, with 5km
between the outermost and innermost moraines (Fig. 3). The
outer two moraines are crosscut by the inner moraine, which
is the only moraine present at the mouth of Lysefjorden,
revealing that the latter was deposited during a re-advance.
From this valley, we collected samples from moraine bould-
ers on the outermost and innermost moraines, and from
erratic boulders and striated bedrock just inboard of the
outermost and innermost moraines.

The third area where we collected samples for '°Be dating
is on the Josenfjordheia plateau at ~800m a.s.l. (Fig. 2).
Here, we sampled boulders from the Trollgaren Moraine type
locality (Andersen, 1954; Fig. 5), and from erratic boulders
and striated bedrock on both sides of the moraine ridge.
Trollgaren Moraine is a well-defined, long and narrow ridge
that for the most part is composed of a pile of boulders,
presumably pushed by an ice sheet advance that terminated
at this position. Finally, the fourth area is the inner mountain-
ous region of south-central Norway, where we collected two
erratic boulders near the large lake Rosskreppfjorden to
constrain the timing of final ice disappearance (Fig. 2).
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Figure 4. Time-distance diagram for the Scandinavian Ice Sheet in
the Ryfylke region (shown in Fig. 2); from Blystad and Anundsen
(1983).
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Figure 3. The Lysefjorden (thick lines) and
Trollgaren moraines (thin line), re-drawn from
Andersen (1954). The extent of the Scandina-
vian Ice Sheet during formation of the youn-
gest Lysefjorden moraine is colored blue.
Numbers in white boxes are cosmogenic
'9Be exposure ages (ka); ages in plain text are
from boulders, and ages in bold, italic text
are from bedrock surfaces. Note that we have
named the outermost moraine the Leiken
Moraine, and we no longer consider it
as belonging to the Lysefjorden moraine
complex.

We sampled the top several centimeters of boulder and
bedrock surfaces using a hammer and chisel. We sampled
mostly flat surfaces and avoided edges, and used a clinometer
to measure topographic shielding and a hand-held GPS
receiver to record sample location and elevation. Sample
elevations range from ~69 to 1067 m a.s.l. and all samples
were collected from above the local marine limit, which is
~35m a.s.l. at the mouth of Lysefjorden, and estimated to be
~60m a.s.l. at the head of the fjord (Andersen, 1954;
Anundsen, 1985). All samples were prepared for '°Be analy-
sis at the University at Buffalo Cosmogenic Nuclide Laborato-
ry. Following crushing, sieving and quartz isolation, samples
were digested and beryllium was isolated following proce-
dures previously described (Young et al, 2013a). Each
sample batch included one process blank; all samples were
spiked with ~250-290 ug of “Be carrier. Sample '°Be/’Be
ratios were measured at the Center for Mass Spectrometry,
Lawrence Livermore National Laboratory and normalized to
standard 07KNSTD3110 with a reported ratio of 2.85 x 10~ '?
(Nishiizumi et al., 2007; Rood et al., 2010). Procedural
blank ratios were 9.6 x107'®, 9.6 x107'%, 1.2x 107",
1.2x 107> and 1.8 x 107'%, equating to background correc-
tions of 0.3-1.6% of the sample total. One-sigma analytical
uncertainties on background-corrected samples range from
1.9 to 5.1% and average 2.5 £0.7% (Table 1).

The '"Be ages were calculated using the CRONUS-Earth
online exposure age calculator (Balco et al., 2008; version
2.2.1; hess.ess.washington.edu/). We adopted a locally con-
strained production rate previously reported from south-
western Norway (Goehring et al., 2012a,b) with the Lal/Stone
constant-production scaling scheme to calculate '°Be ages
(Lal, 1991; Stone, 2000). We discuss ages calculated with this
production rate versus the Arctic-wide '°Be production rate
(Young et al., 2013b; ~4% lower) in the Discussion. We use
the Lal/Stone constant-production scaling scheme because
the influence of the Earth’s magnetic field on '°Be production
rate is negligible at the study area’s high latitude ("59N;
Gosse and Phillips, 2001); however, use of alternative scaling
schemes results in '°Be ages that vary by up to ~4%. The
CRONUS-Earth calculator makes sample specific corrections
for latitude, elevation, sample thickness and sample density
(Table 1). Reported age uncertainties for individual samples
reflect one sigma accelerator mass spectrometry (AMS)
uncertainty only (‘internal’ uncertainty reported from the
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Figure 5. Photographs of samples for cosmogenic '°Be exposure dating. (A) 11NOR-27 (13.4 4 0.5 ka), collected from a site located immediately
inboard of the Leiken Moraine near Lyngsvatnet. (B) TTNOR-15 (11.5+0.2 ka), collected from the inner moraine of the Lysefjorden moraine near
Lyngsvatnet. (C) TINOR-70 (boulder, 10.5+0.2 ka) and TINOR-71 (bedrock sample by field book, 10.5 4 0.2 ka), collected from inside of the
Trollgaren moraine. (D) Trollgaren moraine; field book on sample 11TNOR-65 (11.4 4 0.2 ka) for scale.

CRONUS-Earth website). We made no corrections for surface
erosion or shielding by snow cover. The crystalline bedrock
in the region is resistant to erosion, and glacial striations were
observed at most sampling sites. The field area has undergone
isostatic adjustment since deglaciation, and the sample
elevation at the time of collection does not reflect its time-
averaged sample elevation history. However, the influence of
isostatic uplift on the '°Be ages is probably offset by
unquantifiable effects of atmospheric pressure changes relat-
ed to ice sheet proximity and glacial-world atmospheric
compression (Staiger et al., 2007). The ages we report in the
text below are not adjusted for isostatic uplift, but we report
both ‘raw’ and ‘uplift-corrected’ ages in Table 1. For the
uplift-corrected ages, we use relative sea-level data from
Anundsen (1985). Note that '°Be ages corrected for isostatic
uplift are ~0.9-1.4% older than the uncorrected ages, and
thus the correction does not significantly influence our
chronology.

Results

The '°Be ages range from 14.8 +0.3 to 9.7 +0.3 ka, with the
exception of a single older '°Be age of 20.54+0.5 ka
(Figs 2, 3 and 6; Table 1). Beyond the Lysefjorden Moraine at
the fjord mouth, two erratic boulders and one ice-sculpted
bedrock site have '°Be ages of 14.4+0.3, 13.940.3 and

Copyright © 2014 John Wiley & Sons, Ltd.

13.7£0.3 ka (Fig. 3), respectively, and average 14.0+0.4
ka. Four ice-sculpted bedrock samples collected along
Lysefjorden are 11.9+0.6 ka (immediately inboard of the
Lysefjorden Moraine), 11.0£0.2 ka (9km from the fjord
mouth), 11.6£0.3 ka (24km from the fjord mouth) and
20.5+0.5 ka (just outside of the Trollgaren Moraine near
Lysebotn). Just inboard of the moraines near the head of
Lysefjorden (Lysebotn) believed to correlate with the Trollga-
ren Moraine, two samples from ice-sculpted bedrock and two
samples from erratic boulders perched on bedrock all
overlap; the '°Be ages range from 10.8+0.3 to 10.3 0.3 ka
(Fig. 3) and average 10.6 £0.3 ka.

Two moraine boulders from the most ice-distal moraine in
the Lyngsvatnet area yield '°Be ages of 14.8+0.3 and
13.6 +£0.3 ka (Fig. 3). Within ~100 m inboard of the moraine,
an erratic boulder perched on bedrock and an ice-sculpted
bedrock sample yield '°Be ages of 13.4+0.5 and 14.2+0.3
ka, respectively. All four '°Be ages from this outermost
moraine site statistically overlap, and together average
14.0+0.6 ka (see interpretation below). [Andersen (1954)
included all ridges in the Lyngsvatn area in a complex that he
called the ‘Lysefjorden Stage moraines’. Realizing that the
mapped ridges have different ages, we now label the
outermost moraine the Leiken Moraine and restrict the term
Lysefjorden Moraine to the moraine crossing the mouth of
Lysefjorden and its correlatives.] The most ice-proximal
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Table 1. Sample data and '°Be ages (Mean ages+ 1 SD)

Sample  Topographic 10Be
Sample Latitude Longitude Elevation thickness  shielding concentration '9Be Corrected  Arctic-wide
Sample type (°N) (°E) (mas.l.) (cm) factor (atoms/g) age (ka)*  for uplift" PR*
Beyond Lysefjorden
42-1TNOR-31 Boulder 58°56.002" 6°2.018 104 2 1 68225.24+1403.3 14.4+0.3 14.6+£03 14.94+0.3
42-11TNOR-30 Boulder 58°56.020° 6°1.843' 108 2 1 66146.5+1459.6 13.9+0.3 14.1£0.3 14.4%£0.3
42-11TNOR-29 Bedrock 58°56.052" 6°1.971 113 1 1 66024.24+1487.2 13.7+0.3 13.9+£0.3 14.24+0.3
Mean ages+SD 14.0+0.4 142404 145+0.4
Leiken moraine
45-1TNOR-24 Boulder  59°7.322" 6°18.221 447 2.5 0.998 97098.7+£1946.2 14.8+0.3 14.9+0.3 153+03
44-11NOR-23 Boulder  59°7.357"  6°18.307 466 4 0.998 89957.3+£1962.3 13.6%+0.3 13.7£0.3 14.1+0.3
45-1TNOR-27 Boulder  59°7.155" 6° 18.637' 457 1 0.998 90030.8+£3113.7 13.44+0.5 13.5+0.5 13.8+0.5
44-11NOR-25 Bedrock 59°7.313 6°18.385 457 2 0.998 94902.2+1786.3 14.24+0.3 14.4+£03 14.7+03
Mean ages+SD 14.0£0.6 14.1+0.6 14.5£0.6
Lysefjorden transect
42-11TNOR-39 Bedrock 58°54.718" 6° 4.446 69 1.5 0.999 54386.3+2781.6 11.94+0.6 12.0+0.6 12.34+0.6
42-11TNOR-22 Bedrock  59° 1.865  6°23.979 288 4 0.997 64733.6+£1419.8 11.6+0.3 11.7£0.3 12.0+0.3
42-1TNOR-40 Bedrock 58°57.682" 6°11.173' 109 3 0.989 51295.44+1005.1 11.0£0.2 11.1£0.2 11.34£0.2
42-1TNOR-42 Bedrock  59°3.936" 6°38.967 405 2 0.989 128563.5+2974.4 20.5+0.5 19.9+£0.5 21.24+0.5
Lysebotn
46-11TNOR-44 Boulder  59°3.539" 6°40.175 80 1 0.98 49140.1£1547.5 10.8+£0.3 10.9+03 11.1+£0.4
46-11TNOR-46 Bedrock  59°3.528'  6°40.106 89 1.5 0.98 48304.2+1341.3 10.5+03 10.7£0.3 10.9+0.3
42-1TNOR-45 Bedrock  59° 3.550' 6°40.162 96 1 0.98 50733.0+£11729 10.9+£0.3 11.1£03 11.34+0.3
42-1TNOR-47 Boulder  59°3.517"  6°40.115 89 3.5 0.98 46346.6£1240.1 10.3+£0.3 10.4+0.3 10.6+0.3
Mean ages+SD 10.6+0.3 10.84£0.3 11.0£0.3
Inner Lysefjorden moraine
45-TINOR-13 Boulder  59°6.218  6°23.122 593 1 0.999 88580.6+2184.7 11.6+0.3 11.7£0.3 12.0+0.3
45-1TNOR-15 Boulder  59° 6.275  6°23.091’ 591 3 1 86399.8+1715.2 11.5+0.2 11.6+£0.2 11.94+0.2
44-11NOR-14 Boulder 59°6.218 6° 23.122' 593 2.5 1 83182.1+1649.4 11.0£0.2 11.1£0.2 11.44+0.2
44-1TNOR-12 Boulder  59° 6.043' 6° 23.939' 715 1.5 1 91682.1£1821.0 10.8+£0.2 10.9+0.2 11.2+0.2
44-11TNOR-20 Bedrock  59° 6.475  6°23.123' 603 1.5 1 91913.4+3074.5 12.0+04 12.1+04 124+04
44-11TNOR-17 Boulder  59° 6.600" 6° 23.903’ 684 2 1 91806.3+£1730.7 11.2+£0.2 11.3£0.2 11.6+0.2
Mean ages+SD 11.4+£04 11.5+£04 11.8+£0.4
Beyond Trollgaren moraine
46-11TNOR-73 Boulder 59°17.628" 6°34.534 863 1 0.999 114591.84+2464.4 11.8£0.3 12.0+£0.3 12.3+0.3
46-11TNOR-74 Bedrock 59°17.635" 6°34.551 863 1 0.999 105561.3£22819 10.94+0.2 11.1+£0.2 11.3+0.2
46-11TNOR-75 Boulder 59°17.593" 6°34.395 849 3 0.999 103594.34+2857.2 11.0£0.3 11.2+£03 11.44+0.3
Mean ages+SD 11.3£0.5 11.4+05 11.6£0.5
Trollgaren moraine
45-1TNOR-64 Boulder 59°18.026' 6°34.706 770 1 0.999 106233.0+£2317.9 12.0£0.3 12.1+£03 12.44+0.3
45-1TNOR-63 Boulder 59°18.043' 6°34.617 775 1 0.999 104296.7+£2069.2 11.74+£0.2 11.94+0.2 12.1+0.2
46-11TNOR-66 Boulder 59°18.011" 6°34.748’ 779 1 0.999 103262.3+£3008.6 11.5+£0.3 11.6£03 11.9+0.3
46-11TNOR-65 Boulder 59°18.014" 6° 34.740 779 2.5 0.999 101718.44+£1962.6 11.4+0.2 11.6+£0.2 11.84+0.2
44-11TNOR-62 Boulder 59°18.056' 6°34.551’ 776 3 0.998 85579.84+£2503.0 09.7+0.3 09.8+£0.3 10.0+0.3
Mean ages+SD 11.3£0.9 11.4+09 11.6+£0.9
Inside Trollgaren moraine
46-11NOR-69 Boulder 59°18.086' 6°35.282’ 787 1 0.999 100909.64+2989.5 11.1£0.3 11.3£0.3 11.5+0.3
46-11TNOR-70 Boulder 59°18.114" 6° 35.380' 792 1 0.999 95950.1£2150.1 10.5+0.2 10.7+0.2 10.9+0.2
46-1TNOR-71 Bedrock 59°18.114" 6° 35.380 791 2 0.999 94707.6+1976.3 10.5+0.2 10.6+0.2 10.9+0.2
Mean ages+SD 10.7£0.4 1094+04 11.1£0.4
Inland mountains site
41-1TNOR-49 Boulder  59°2.013" 7°13.383 1067 2 1 133505.942986.2 11.7+0.3 11.9+£03 12.1+0.3
41-11TNOR-50 Boulder  59°1.625  7°5.911 938 1.5 1 117665.64+£2209.7 11.5£0.2 11.6+£0.2 11.94+0.2
Mean ages+SD 11.6+£0.2 11.8+0.2 12.0+0.2

*Western Norway production rate (Goehring et al., 2012a,b). "Western Norway production rate with corrections for isostatic rebound. *Arctic-
wide production rate (Young et al., 2013b). Notes All samples with a rock density of 2.65 gcm™>; zero rock surface erosion.

moraine in the Lyngsvatnet area corresponds to the Lysefjor-
den Moraine proper (Andersen, 1954), and four moraine
boulders from this ridge have '°Be ages that range from
11.6£0.3 to 10.8+0.2 ka. An erratic boulder perched on
bedrock and a bedrock sample from just inboard of the
moraine have '°Be ages of 11.240.2 and 12.0+0.4 ka,
respectively. All six '°Be ages statistically overlap and
average 11.4£0.4 ka.

At the Trollgaren Moraine type locality at Jgsenfjordheia,
we produced '°Be ages from the moraine and from sites both

Copyright © 2014 John Wiley & Sons, Ltd.

outboard and inboard of the moraine (Fig. 2). Two erratic
boulders perched on bedrock and one sample from ice-
sculpted bedrock outboard of the Trollgaren Moraine yield
10Be ages of 11.8+0.3, 10.9+0.3 and 11.0+0.3 ka,
respectively, and average 11.3+0.5 ka. Five boulders from
the Trollgaren Moraine range from 12.0+£0.3 to 9.7 0.3 ka,
and average 11.3+£0.9 ka. Two erratics perched on ice-
sculpted bedrock and one sample from ice-sculpted bedrock
inboard of the moraine yield '"Be ages of 11.140.3,
10.5+£0.2 and 10.5+£0.2 ka, respectively, and average
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9Be ages were calculated with the same production rate, without corrections for uplift or snow cover, using the CRONUS-Earth website.

10.7 £ 0.4 ka. Finally, in the south-central mountains near the

large lake Rosskreppfjorden (Fig. 2), two erratic boulders

perched on bedrock vyield

'“Be ages of 11.7+0.3 and

11.5+0.2 ka, and average 11.6+0.2 ka.
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Interpretation of the '’Be ages

We find that the '°Be ages from adjacent boulder and

bedrock samples overlap. In almost every case, our bedrock
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samples are from ice-sculpted sites at relatively low-eleva-
tion, valley-bottom locations where glacial erosion was
probably significant. There is no obvious evidence for
inheritance in our chronology with the single exception of
bedrock sample 11NOR-42 (20.5+0.5 ka), which is from
405m a.s.l. near the head of Lysefjorden (Fig. 3). Although
the outcrop from which the sample was collected is striated,
it appears that ice did not significantly erode (>2m) the site
during the last glaciation. Decreasing erosional intensity with
increasing elevation, and thus increasing inheritance, is
typical in fjord landscapes (e.g. Goehring et al., 2008).

We interpret '°Be ages of moraine boulders to represent
the culmination of a moraine-building event, and thus to
provide the timing of deglaciation from a moraine. Therefore,
we combine 'Be ages from moraine boulders with '°Be ages
from bedrock and perched erratics located immediately
inboard of moraines to provide the best age of moraine
abandonment (e.g. Young et al., 2013a). It is our assumption
that samples of bedrock from local high points, and from
erratics perched directly on debris-free bedrock surfaces,
were never covered by sediments.

We have plotted all of our sampling locations from this
study onto a single time—distance diagram centered along
Lysefjorden (Fig. 7). The average '’Be age of deglaciation
outboard of the mouth of Lysefjorden (14.0+0.4 ka) overlaps
with the '°Be age for the Leiken Moraine (14.0+0.6 ka). We
did not collect samples from the middle moraine in the
Lyngsvatnet area, but the samples from the innermost
moraine (i.e. the Lysefjorden Moraine) have a mean age of
11.4£0.4 ka, indicating that this moraine is significantly
younger than the Leiken Moraine. For this age assignment of
the Lysefjorden Moraine, we have combined the ages of
boulders on the moraine and from immediately inboard of
the moraine near Lyngsvatnet, with the sample (11NOR-39)
from immediately inboard of the moraine at the mouth of
Lysefjorden.

It is interesting to note that the two '°Be ages of the erratics
on the inland mountain site yielded nearly identical ages
(11.6 £0.2 ka) to the Lysefjorden Moraine ages. However,
based on the slope of lateral moraines along Lysefjorden
(Andersen, 1954), this mountain plateau must have been
covered by thick ice when the Lysefjorden Moraine was
abandoned, and thus must have deglaciated later.

The five '°Be ages from the Trollgaren Moraine boulders
at Josenfjordheia average 11.3+£0.9 ka. A similar age
(11.3£0.5 ka) was obtained from three erratics resting on the
glacially sculptured bedrock surface on the distal side of the
moraine ridge. These ages cannot be distinguished from those
that were obtained from the Lysefjorden Moraine. However,
this area must have been ice covered when the ice sheet
occupied the Lysefjorden trough. In contrast to the ages from
the Trollgaren Moraine ridge and beyond, three samples that
were collected inboard of the moraine yield a slightly
younger mean age (10.7 £0.4 ka). This may suggest that the
ice sheet stabilized in this position for some time. However,
based on the morphology (i.e. the very narrow ridge consist-
ing almost only of boulders), we find it unlikely that the ice
margin halted at this moraine for a long period. Based on an
overall assessment of the series of ages from this area we
consider ~11.3 ka to be a reasonable age of the Trollgaren
Moraine. The four '°Be ages from the head of Lysefjorden
(10.6 0.3 ka) are significantly younger than the Lysefjorden
and Trollgaren moraines.

Discussion
The influence of '°Be production rate choice

The time-distance history outlined above is based on an
average '°Be production rate value derived from two calibra-
tion sites in western Norway (Goehring et al., 2012a,b).
However, '°Be production rate research from elsewhere
(e.g. Balco et al., 2009), including at several sites in the
Arctic (Young et al., 2013b), suggest lower values by ~4%
(Table 1). Adopting '°Be ages calculated with the Arctic-
wide production rate value shifts the time—distance history of
ice margin change earlier by ~4%. While not a significant
shift (in most cases the difference is well inside the 16 AMS
measurements error), it leaves open the possibility that the
Leiken Moraine (~14.5 ka) pre-dates Termination 1. Further-
more, it would place the innermost Lysefjorden Moraine
~400 years older (at 11.8+£0.4 ka). Despite uncertainty
relating to production rate choice, the relative timing of ice
margin change within our chronology, such as the rapid
retreat from fjord mouth to fjord head, remains a robust
feature of our results.
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Figure 7. Time-distance diagram of the Scandinavian Ice Sheet in the Lysefjorden region, based on the '°Be chronology presented here. The 3'20O
record is from NGRIPNgrip Members (2004) and the Neogloboquadrina pachyderma (s) record is from Haflidason et al. (1995), here taken from

Mangerud et al. (2013) who modified the time scale slightly.
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Ice sheet history of Lysefjorden

Our '°Be chronology, combined with mapping by Andersen
(1954), reveals several pauses or re-advances during the
overall deglaciation of the field area (Fig. 7). It seems
clear that the multiple moraines in the Lyngsvatn area north
of Lysefjorden, which Andersen (1954) mapped as a single
system and included in his Lysefjorden Stage moraines
of assumed Younger Dryas age, are rather composed of
moraine ridges that represent at least two separate glacial
events of considerable difference in age. The mean value
(14.0+0.6 ka) of the four '°Be ages from the outer moraine
ridge, that we here term the Leiken Moraine, indicates
that this moraine formed well before the Younger Dryas,
possibly during the Older Dryas. In contrast, the ages from
the innermost ridge provide a significantly younger age
(11.4£0.4 ka), consistent with a late Younger Dryas age.
Note that along the northern side of Lysefjorden, the inner
ridge truncates the outer moraines, demonstrating that it was
deposited during a younger re-advance. During a field
excursion in the 1990s, one of us (J. M.) observed several
syn-sedimentary ice wedge casts in a gravel pit in the thick
outwash gravel on top of the glacio-marine delta at Forsand,
located in front of the Lysefjorden Moraine at the mouth
of Lysefjorden (Fig. 3). Given that formation of ice wedges
requires permafrost, it implies that the accumulation
occurred during a cold period that we interpret as being the
Younger Dryas.

The assumption that the ice front was located at the
Lysefjorden Moraine during a late stage of the Younger Dryas
is also supported by shoreline correlation. The relative sea-
level history in western Norway is founded on several
radiocarbon-dated isolation basins, and the pattern and timing
of the shoreline displacement is reasonably well known (e.g.
Anundsen, 1985; Helle, 2004; Lohne et al., 2007; Romundset
et al., 2010). During the Allergd-Younger Dryas there was a
relative sea-level rise of about 10m, culminating at the end of
the Younger Dryas and followed by a very rapid sea-level fall
during the earliest Holocene due to strong and sustained
glacio-isostatic uplift. The relative sea level of about 35m a.s.l.
indicated by the glacio-marine delta at Forsand correlates with
the top of the Younger Dryas sea-level rise according to
Anundsen (1985), also suggesting a Younger Dryas age of the
moraine. We conclude that the Lysefjorden Moraine
(11.4+0.4 ka) was formed by a re-advance during the
Younger Dryas, and that the rapid ice retreat through Lysefjor-
den coincides with warming at the Younger Dryas—Holocene
transition, similar to the ice sheet history in Hardangerfjorden,
100 km to the north (Mangerud et al., 2013).

Following deposition of the Lysefjorden Moraine, the ice
margin retreated ~40km through Lysefjorden, where it next
deposited moraines near the fjord head, which may correlate
with the Trollgaren Moraine that we dated at Jasenfjordheia.
Thus, the average age from beyond the Trollgaren Moraine
(11.3£0.5 ka) at Jasenfjordheia may also provide the timing
of ice retreat to the head of Lysefjorden. It seems likely that
the Trollgaren Moraine was deposited synchronously with the
Eldfjord-Osa Moraine, a widely traceable moraine that is
found along fjord-heads in south-western Norway north of
the field area and dated to ~11.1 ka (e.g. Mangerud
et al., 2013; Fig. 6).

Interestingly, our topographic-divide site appears to have
become ice free ~11.6 ka, apparently before the retreat of ice
from the Trollgaren Moraine, but the ages overlap within one
standard deviation. One possibility is that the equilibrium-
line altitude rose above the ice surface, and there was top-
down ice sheet thinning. If this was the case, the high-

Copyright © 2014 John Wiley & Sons, Ltd.

elevation topographic-divide site might have become ice free
earlier than valleys near the fjord heads.

Lateglacial ice sheet history throughout western
Norway

To place our updated chronology into the context of the
Lateglacial history of elsewhere around the Scandinavian Ice
Sheet, we compiled previously published time-distance dia-
grams (Fig. 8), concentrating on the west coast of Norway
facing the Norwegian Sea. We build on previous compila-
tions (e.g. Mangerud, 1980; Andersen et al., 1995; Nesje,
2009; Olsen et al., 2013), and use updated chronological
information where present with current radiocarbon calibra-
tion using CALIB 7.0 and the IntCal13 calibration curve. We
emphasize that the quality of the stratigraphic and chronolog-
ical basis for each curve varies. However, here we do not
discuss the validity of each individual curve, but rather
present the curves as the original authors did and point out
the most robust features.

Our updated chronology of the Lysefjorden area has many
similarities to the history of ice sheet fluctuations throughout
western Norway. During most of the Bglling—Allerad period
the ice sheet experienced net retreat. However, evidence for
re-advances and/or end-moraine formation ~14 ka have been
documented from throughout western Norway and have
generally been correlated with the Older Dryas cold period
(Fig. 8), although dating control is not precise enough to
demand synchronicity. The Leiken Moraine dates to ~14.0
ka, and we thus correlate it to the same period. Stratigraphic
sequences slightly north-west of our study area also show an
advance around this time (Anundsen, 1972; Blystad and
Anundsen, 1983; Fig. 8) and west of Bergen the Ulvay Till
(Mangerud, 1977) indicates that the corresponding ice ad-
vance reached the open ocean (Mangerud et al., 2011). The
Outer Coastal moraines in the Trondheim region (Reite,
1994) and the Skarpnes Moraine in the Tromsg region (Vorren
and Plassen, 2002) also have a similar age (Fig. 8).

After the Older Dryas re-advance the ice sheet continued
to retreat along the west coast. However, the sea-level history
indicates that a renewed growth of the ice sheet soon started
(Fig. 8). Following a relative sea-level fall due to the fast
glacio-isostatic uplift during the early Allerad, relative sea
level started to rise again during the middle Allerad,
culminating at a local sea-level highstand around the end of
the Younger Dryas (Anundsen, 1985; Lohne et al., 2007).
This local sea-level rise demands a halt in isostatic uplift
(Fjeldskaar and Kanestrem, 1980) and demonstrates the
probability that the so-called ‘Younger Dryas glacial re-
advance’ started well before the onset of the Younger Dryas.
We emphasize that the sea-level rise dissipates near Nordf-
jord to the north and near the southern tip of Norway to the
south (Fig. 1), suggesting that the largest glacial re-advances
occurred in the area between (Lohne et al., 2007). Such an
early start (middle Allergd) for the ice sheet re-advance is also
implied in most time—distance diagrams farther north (Fig. 8);
however, glacier chronology in this interval generally is not
well constrained with radiocarbon ages. In the Bergen
(Mangerud et al., 2013) and Andfjorden (Vorren and Plassen,
2002) areas, the ice front almost reached the Older Dryas ice
margin position by the beginning of the Younger Dryas. As
mentioned above, evidence from two areas near Lysefjorden
indicate that till beyond Lysefjorden moraines dates to the
latest Allerad or earliest Younger Dryas (Anundsen, 1977;
Blystad and Anundsen, 1983), suggesting that the Younger
Dryas ice position throughout south-western Norway was
reached around the onset of the Younger Dryas.
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In most areas the moraines ascribed to the Younger Dryas
are pronounced morphological features that can be traced
along the entire western coast of Norway, and indeed around
all of Fennoscandia (Fig. 1). In the Bergen—Hardangerfjorden
region, several sites located inboard of the moraines contain
shell-bearing tills and sub-till sediments dated to the Allerad
(Mangerud et al., 2013), indicating that the Allerad-Younger
Dryas advance in this region was of significant magnitude.
Outside of the Bergen-Hardangerfjorden area, radiocarbon
ages from sediments overrun by ice only exist in a few areas
(e.g. Hijelstuen et al., 2009), and the re-advance is thus
postulated on the basis of other evidence. It is possible that
the moraines in some places were formed by only a small re-
advance or even a halt during retreat. The advance to the
Lysefjorden Moraine at the mouth of Lysefjorden overran
previously deposited moraines (e.g. Leiken Moraine) that are
present near Lyngsvatnet, implying a re-advance.

It has been noted for some time that moraines were formed
at different times during the Younger Dryas, and the maxi-
mum ice extent, not always marked by end moraines, was
asynchronous (Aarseth and Mangerud, 1974; Mangerud,
1980). In most areas the re-advance culminated during the
early or middle Younger Dryas (Fig. 8), followed by retreat
during the later part of the stadial. For example, in the
Nordfjord, Trondheimsfjorden and Nordland regions (Fig. 1)
available chronologies reveal that the ice sheet attained its
maximum extent as early as ~12.9 cal ka BP, and retreated
during the next few hundred years until ~12.4 cal ka BP
(Andersen et al., 1995; Hjelstuen et al., 2009). Farther north,
in the Andfjorden-Vagsfjorden area, the Tromsg—Lyngen
Moraine was deposited between ~12.5 and ~12.0 cal ka BP
(Vorren and Plassen, 2002). However, these chronologies are
based on '*C ages on marine shells and use a marine
reservoir age of 400-440 '*C years. Bondevik et al. (2006)

Copyright © 2014 John Wiley & Sons, Ltd.

showed that the marine reservoir correction may have been
200 years higher for this period. Regardless, in the Bergen—
Hardangerfjorden area, the ice sheet reached the maximum
extent close to the end of the Younger Dryas, after deposition
of the Vedde Ash (12.1 ka; Bondevik and Mangerud, 2002;
Lohne et al., 2012). But even here the ice front was close to
its maximum position during an early stage during the
Younger Dryas with only a small, final growth at the end of
the stadial (Mangerud et al., 2013). In the Lysefjorden region,
the ice margin history appears most similar to the Bergen—
Hardangerfjorden region (Fig. 6).

Lateglacial climate history of western Norway

The timing of glacier advances during the Lateglacial in
Norway seems to be aligned with its climate history. For
example, temperature records from offshore Norway show a
tight coupling with Greenland 8'°0 records and reveal
pronounced cooling not only during the Younger Dryas, but
also during the Older Dryas and the Inter-Allergd Cold Period
(Kog Karpuz and Jansen, 1992; Haflidason et al., 1995). This
climate pattern is also revealed in terrestrial climate records
(e.g. Birks et al., 1994; Birks and Ammann, 2000); thus, it is
not surprising that glacial advances and moraine building
events coincide with cold conditions revealed in these
climate reconstructions. However, as described above, most
time-distance diagrams reveal that the ice sheet was growing
during the Allergd (Fig. 8). This ice growth could simply be
because the Allergd was cooler than the Bglling, and that the
Allerad was interrupted by cold periods, ultimately leading to
cumulative ice growth. Ice growth during the Allerad also
may have been favoured by a combination of mild temper-
atures and higher precipitation relative to extreme cold
periods such as the Younger Dryas. Dokken et al. (2013)
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suggested that the Scandinavian Ice Sheet should grow during
mild parts of Dansgaard-Oeschger events due to more open
adjacent seas as a source for precipitation. This idea is
consistent with ice growth during the Allerad, and the
suggestion that Belling—Younger Dryas climate change could
be a Dansgaard-Oeschger event (Mangerud et al., 2010).

The underlying causes for the spatial differences in timing
of ice margin fluctuations during the Allerad and Younger
Dryas are not obvious. Some climate records reveal that the
most stable and coldest conditions took place during the early
Younger Dryas (Isarin and Bohncke, 1999; Lane et al., 2013),
with a slight warming through the Younger Dryas revealed by
steadily increasing 8'%O values (NGRIP Members, 2004). This
could explain the pattern of most ice margins reaching their
maximum during the early Younger Dryas and subsequent
retreat during the end of the Younger Dryas. An explanation
for the later maximum in the Bergen-Lysefjorden area could
be the topographic configuration. In this part of Norway, high
mountain plateaus reside near the coast, which could serve as
local accumulation zones for ice growth during the Younger
Dryas. Elsewhere along the western coast of Norway, for
example between Nordfjord and Trondheimsfjorden (Fig. 1),
there are narrow alpine peaks, and inboard of Trondheimsfjor-
den there are wide lowlands (Mangerud, 1980). Another factor
that has been proposed is the influence of spatial gradients in
precipitation, controlled by south-westerly winds and more
open water to the south (Mangerud et al., 2011).

Summary and conclusion

We have updated the Lateglacial chronology of the Scandina-
vian Ice Sheet history in the Lysefjorden area, south-western
Norway. Our '°Be chronology, using a local '°Be production
rate, suggests that moraines in the Lysefjorden area that were
previously thought to be of Younger Dryas age instead
represent ice sheet fluctuations spanning from the Older
Dryas (~14.0 ka) to the late Younger Dryas (~11.4 ka).
However, this chronology would become ~4% older when
using the Arctic-wide '°Be production rate.

The Scandinavian Ice Sheet retreated to the Lysefjorden
region by ~14.0 ka and subsequently deposited the Leiken
Moraine ~14.0 ka. The Lysefjorden Moraine was deposited
during the late Younger Dryas, and an undated moraine was
deposited between ~14.0 and ~11.4 ka. The Lysefjorden
Moraine was deposited during an advance that followed an
episode of retreat of unknown magnitude. Following deposi-
tion of the Lysefjorden Moraine, the ice margin retreated
rapidly through Lysefjorden, and final ice retreat from the
head of the fjord occurred by ~10.7 ka. The '’Be ages of
~11.6 ka from the topographic divide in south-central
Norway leave open the possibility for top-down ice sheet
wastage, such that parts of the high central uplands became
ice free before some outlet glacier systems.

In the context of the Lateglacial history of Norway, the
history of Lysefjorden is most similar to the Bergen—Hardan-
gerfjorden region where an ice advance beginning during the
middle Allerad culminated during the end of the Younger
Dryas. Elsewhere, the Allergd/Younger Dryas advance culmi-
nated during the early to middle Younger Dryas. The reason
for the spatio-temporal complexity of western Scandinavian
Ice Sheet fluctuations during the Lateglacial is currently
unknown.
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